Objective-To describe the use and feasibility of therapeutic hypothermia after pediatric cardiac arrest.
MATERIALS AND METHODS

Design and Setting
This study was approved by the University of Pittsburgh Institutional Review Board. We performed a retrospective chart review of patients who had in-hospital or out-of hospital CA between July 1, 2000 and August 31, 2006 , and were admitted to the pediatric intensive care unit (ICU) at the Children's Hospital of Pittsburgh. Children's Hospital of Pittsburgh is a tertiary care and level I trauma center with > 13,000 admissions per year. The multidisciplinary pediatric ICU has approximately 2400 admissions per year. The cardiac ICU is a separate unit, and the hospital does not have a burn unit. HT was used at the discretion of the attending physician. We had no protocol for its use.
Inclusion and Exclusion Criteria
We studied infants and children 1 wk to 21 yrs of age admitted to the ICU with ROSC after CA. CA was defined as receipt of chest compressions for pulselessness as determined by a health care worker. We excluded children with congenital heart disease. Subjects were identified by searching the ICU quality-assurance database for an International Classification of Diseases-9 discharge diagnosis of CA (427.5) (29) . For patients with multiple CA during the hospitalization, information surrounding the first arrest was used for Utstein-style data collection, and the occurrence of re-arrest was recorded (30) . Some patients were dependent on mechanical ventilation before their CA (n = 11), and others became dependent after CA (n = 10).
Data Collection
Etiology of CA was determined by medical record review. When available, we abstracted the duration of time from the beginning of a witnessed CA and the beginning of resuscitation until ROSC, the occurrence of seizures (detected clinically or on electroencephalogram) in the first 4 days after CA, and the number of inotropes and vasopressors (i.e., epinephrine, norepinephrine, vasopressin, milrinone, dopamine, dobutamine) initiated in the first 24 hrs after CA. Temperature, heart rate, and mean arterial blood pressure were documented hourly for clinical care of all ICU patients, but only abstracted for the HT group. We normalized heart rate and mean arterial blood pressure for age and gender (31, 32) . Rectal temperatures were measured on most patients, but method of temperature measurement was not uniform.
Definitions
Cardiac rhythm monitoring was not always performed during the period of pulselessness. Therefore, the first monitored rhythm was the first rhythm recorded either during or after the CA. A non-chronic illness was defined as an acute, new medical problem, and chronic illness was defined as a long-standing or recurrent medical problem. We used the National Institute of Diabetes and Digestive and Kidney Diseases definition of hypoglycemia <70 mg/dL and defined hyperglycemia as >250 mg/dL, which is associated with increased mortality in critically ill patients (33) . Immunosuppressed patients had cancer, primary immune deficiency, or underwent a solid organ or bone marrow transplantation.
Care After Resuscitation
Although Children's Hospital of Pittsburgh did not have a protocol for care after resuscitation, there were general standards of care. Patients who remained comatose after ROSC received central venous and arterial catheters. Antiepileptic medications were started only if the patient also incurred a traumatic brain injury or had a clinical or electrographic seizure. Pain and sedation medications were used at the discretion of the attending physician and were often withheld initially to obtain a neurologic examination. There was no protocol regarding therapy for hyperglycemia in nondiabetic patients; however, practice by ICU attendings may have changed after the publication of a study showing reduced mortality in surgical intensive care adult patients (34) . Total parental nutrition was typically instituted by 48 hrs. Enteral feeding was initiated as soon as feasible. We did not routinely obtain electroencephalograms or blood cultures.
Cooling Methods
In patients with severe trauma, hospital policy early in the study period mandated active warming to normothermia in the emergency department (n = 11 standard therapy [ST] patients) with warm lights, intravenous fluids, and bedding. In all other cases, the attending ICU physician decided whether to initiate HT treatment and determined the target temperature, duration, and rate of re-warming. Most ST patients without severe trauma were passively warmed to normothermia.
Induction of HT was accomplished with multiple modalities. Most commonly, we used a cooling blanket (Cincinnati SubZero Plastipad, Cincinnati, OH) positioned under the patient and controlled by an automated cooling system (Gaymar Medi-Therm III, Orchard Park, NY) set to the target temperature. Other methods included surface cooling with ice packets, bath and fan, lowering of the room and ventilator humidifier thermostat, and, occasionally, gastric lavage with iced saline. One patient received 40 mL/kg of intravenous iced saline to induce HT. Nondepolarizing neuromuscular blockers were often used to prevent shivering during induction of HT. Fever (>38°C) was treated aggressively in all patients with methods similar to those used for cooling induction, as well as with anti-pyretics (e.g., acetaminophen). Authors have defined fever as any temperature above normal (>38°C or 38.5°C) (35) (36) (37) . In our ICU, temperatures >38°C provoke a search for an etiology and an effort to actively reduce the temperature because of the risk of higher temperatures and resultant secondary brain injury (38) . Re-warming was achieved by increasing the set point of the cooling blanket gradually until the patient reached 36°C, at which time the blanket was turned off to prevent over-warming.
Outcome Measures
The primary outcomes were logistics related to the application of HT and the frequency of adverse events in the first 4 days after CA. Adverse events included hemorrhage, transfusion, positive cultures, electrolyte supplementation, intermittent arrhythmia (any abnormal rhythm documented in the chart that did not precipitate a re-arrest), and rearrest. The number of red blood cell transfusions was obtained from the hospital's blood bank. Positive cultures were defined as any culture positive for bacteria, virus, or fungus from tracheal, blood, cerebrospinal fluid, or urine. A positive tracheal culture was defined as bacterial growth from a tracheal sample with or without leukocytes. There was no protocol for routine surveillance cultures. Although we cannot rule out colonization or contamination, we considered positive cultures from days 1 and 2 likely to represent infection before the CA and those from days 3 and 4 likely to represent nosocomial infection. Electrolytes were replenished when serum levels were below the following thresholds: potassium <3.5 mEq/L, ionized calcium <1.0 mmol/L, magnesium <0.5 mg/dL, and phosphorus <2.5 mg/dL. Secondary outcomes included mortality and Glasgow Outcome Score (GOS) (assigned in a non-blinded fashion based on medical records for both pre-arrest and hospital discharge status), a variation on the Utstein recommendation (30) . GOS categories are defined as: (1) dead; (2) persistent vegetative or minimally conscious state; (3) moderate disability; (4) mild disability; and (5) no disability.
Data Analysis
The data were analyzed for treatment group differences with Fisher's exact tests for categorical variables and Student's t tests for normally distributed continuous variables.
Wilcoxon rank-sum was used for non-normally distributed data. Associations with outcomes between patients in the HT or ST group were determined by univariate analysis. Variables with p < .1 for mortality were included in a multivariable logistic regression model using a backward stepwise method, and variables with the highest p values were eliminated sequentially until all terms in the model were significant (p < .05). HT was forced into the final model, although its p value was > .1. Initial variables in the multivariable regression included first whole blood pH, initial glucose (<70 mg/dL, 70-250 mg/dL, >250 mg/dL), epinephrine doses during resuscitation (0, 1-5, or ≥6), number of inotropes in the first 24 hrs, location of CA (out-of-hospital vs. in-hospital), etiology of CA (asphyxia vs. cardiac), whether the arrest was witnessed, HT vs. ST, and minutes of cardiopulmonary resuscitation until ROSC. All p values were two-sided. Missing data were not imputed. Data are presented as median (interquartile range [IQR]) or mean ± SD). Data analysis was performed using Stata software, version 10 (College Station, TX).
RESULTS
In the 6-yr study period, 399 children had the discharge diagnosis CA, 181 of whom met entry criteria and were included in this study ( Fig. 1 ). Forty subjects received HT. Baseline patient characteristics were similar between HT and ST groups (Table 1) , with the exception that more immunosuppressed patients were in the ST group (p = .1). Only one-third of children had no chronic illnesses.
Details of CA, Resuscitation, and Management After Resuscitation
Ninety percent of children with CA had asphyxia as the cause of their CA, and 55% of CA occurred in-hospital (Tables 2 and 3 ). Important differences existed between HT and ST groups with regard to duration of cardiopulmonary resuscitation to ROSC, doses of epinephrine during resuscitation, and witnessed arrest status. presented to the ICU with temperatures at or below the target temperature and therefore required only maintenance cooling. Temperature <36°C or >38°C on arrival to the ICU was associated with increased mortality (vs. 36°C-38°C; p < .01). The median HT target temperature was 34.0°C (33.5°C-34.8°C), was reached by 7 hrs (5-8 hrs) in patients who had temperature above target on admission, and was maintained for 24 hrs (16-48 hrs). A cooling blanket was used for 84% of HT patients. Re-warming lasted 6 hrs (5-8 hrs). Eleven children, six with trauma before 2002, were actively warmed to normothermia. Three of these patients progressed to brain death, one died without brain death, and seven survived.
Logistics of Hypothermia Treatment
Safety
The HT and ST groups had similar rates of hemorrhage, receipt of red blood cell transfusions, intermittent arrhythmias, infection, and seizures in the first 4 days of admission (Table 4 ).
Three children had bradycardia (<60 beats per minute) for >1 hr (range, 2-11 hrs) during HT ( Figs. 2A, B , C). All were older than 12 yrs, with corresponding normal to high blood pressures, and all had a GOS of 5 (normal) on hospital discharge. Mean arterial blood pressure did not change significantly on re-warming in the HT group, but heart rate increased after re-warming.
Patients in the HT group received more frequent potassium, magnesium, and phosphorus supplementation than those in the ST group (p < .05) and trended toward more calcium supplementation (p = .08). Patients in the HT group also received more insulin infusions in the first 4 days, both for the entire study period (p < .01) and for patients admitted in or after 2002 (p = .02).
Patients in the HT group with temperature <32°C had increased hospital mortality compared with patients whose temperature remained ≥32°C (73% vs. 43%; p = .02), even excluding patients with admission temperature <30°C (p = .03). However, there was a trend toward fewer re-arrests in children treated with HT vs. ST (5 [13%] vs. 36 [26%]; p = .09. Fever (>38°C) in the first 4 days occurred more frequently in the ST group vs. the HT group (38% vs. 18%; p = .02). Three children in the HT group had fever in the first 24 hrs on rewarming. Neither mortality nor GOS was associated with fever in the first 4 days.
Outcomes
Mortality was similar between groups (55.0% HT vs. 55.3% ST; p = 1.0). Mortality did not improve over time and ranged from 34% to 70% per year. Extracorporeal membrane oxygenation (ECMO) was not associated with mortality overall (5 of 11 [45%] ECMO patients died vs. 95 of 170 [56%] non-ECMO; p = .54) or within each group (HT mortality: 40% ECMO vs. 57% non-ECMO; p = .6; ST mortality: 50% ECMO vs. 56% non-ECMO; p = 1.0). However, mortality was only 27% in children who had ROSC after cardiopulmonary resuscitation without epinephrine (n = 48) vs. 65% in children requiring at least one dose of epinephrine to achieve ROSC (n = 133). In bivariate and multivariate analysis, HT was not associated with survival. (Table 5 ).
DISCUSSION
To our knowledge, this is the largest study reporting on the use of HT after pediatric CA. We found that mild HT in children after ROSC is feasible using resources readily available in this tertiary pediatric ICU. However, we also identified important safety issues related to cooling below target temperature and depletion of electrolytes.
HT for neuroprotection after CA from asphyxia has been studied prospectively only in neonates, but inpatient adults treated with HT after pulseless electrical activity or asystole demonstrated a trend toward better outcome in an observational study (18) . Current American Heart Association guidelines recommend the use of HT for adults remaining comatose after CA from ventricular arrhythmia and the consideration of HT for comatose survivors of pediatric CA (39) .
Time to target temperature in our patients was comparable to that reported in adult and neonatal randomized, controlled trials, although the median target temperature in this cohort was higher (34°C vs. 32°C-34°C) (14, 15, 17) , and almost half of the children who attained ROSC had an initial temperature <35°C. The higher target temperatures may reflect inexperience with the use of HT, lack of evidence of benefit in pediatric patients after CA, or caution in patients thought to be at higher risk for adverse effects from HT (e.g., patients with trauma or arrhythmia). Similar to other studies of children with acute brain injury, abnormal temperature on presentation to the ICU was associated with increased mortality (40) (41) (42) (43) (44) (45) (46) (47) (48) . Temperature below target range in the HT group occurred less frequently (15%) than in an adult cohort (63%) (49) , suggesting that temperature may be easier to control in children. It is not clear, however, if presence of a poikilothermic state is reflective of severe injury and thus an increased risk of death, and/or if temperature below target range itself causes an increase in mortality.
We were surprised that 38% of children in the ST group had fever in the first 4 days after CA. Given the well-documented detrimental effects of fever in animal models of brain ischemia, this could represent an important target for improvement by health care providers and cooling technologies. Since 2002, our trauma protocol has been modified to discontinue active warming of children with brain injury (38) .
Patients in the HT group tended to be treated with ECMO more frequently, but ECMO was not associated with a higher or lower mortality risk. Children with congenital heart disease, who were excluded from this study, have benefitted the most from ECMO cardiopulmonary resuscitation (50, 51) . The use of neuromuscular blockade was greater in the HT group, to provide more precise patient temperature control, to prevent shivering, and to promote ventilator synchrony. The greater number of days with an artificial airway in patients treated with HT may be a consequence of the intervention itself (patients remained intubated until re-warming was completed).
Despite similar initial serum glucose concentration after ROSC, insulin infusions were used twice as frequently in the HT group, which may be a reflection of HT-related hyperglycemia. As in patients with traumatic brain injury and congenital heart surgery, hyperglycemia was associated with increased mortality (52) (53) (54) (55) (56) . Hypoglycemia on ICU presentation was also associated with increased mortality, perhaps reflecting a poor stress response or long-standing nutrient deprivation causing cellular energy depletion. Hypoglycemia induces neuronal cell death in the same vulnerable areas as does hypoxiaischemia (the CA1 hippocampus, cerebral cortex, basal ganglia, and thalamus), and likely exacerbates neuronal cell death after CA (57) . Optimal glucose management after CA in children is unknown and may be a critical element in management after resuscitation.
As in the adult and neonatal randomized, controlled trials, HT was not associated with increased arrhythmias, severe bleeding events, or red cell transfusions (14) (15) (16) (17) . We also found no difference in the incidence of seizures or positive cultures. Groups had similar rates of sepsis or septic shock as the etiology of CA.
Patients in the HT group received more electrolyte supplementation. Although this finding is similar to adult traumatic brain injury patients treated with HT (who are at particular risk for low levels of phosphorus and magnesium), it has not been previously reported in the CA literature (58) (59) (60) (61) . Potential mechanisms mediating electrolyte depletion are: cold diuresis, which increases water and electrolyte losses and has greatest effect during active cooling; osmotic diuresis from hyperglycemia; increased insulin use in the HT group; and intracellular shifts of electrolytes during HT (58-61).
Hemodynamic changes can occur during HT and re-warming. Cardiac output decreases during HT secondary to decreased heart rate and decreased stroke volume and increased afterload from peripheral vasoconstriction. It typically increases back to baseline during rewarming (62, 63) . Mean arterial blood pressure can decrease on re-warming, which can be partly explained by peripheral vasodilation inducing a relative hypovolemic state. This occurred in only one patient in our study, suggesting that care was taken to avoid this complication (64) . Finally, the metabolism and effects of commonly used medications are influenced by systemic HT and may result in altered hemodynamics (65) .
Patients in our study had higher survival rates than those in previous reports (3, 4) , at least partially because we included only patients who survived to ICU admission. Also, we included all patients receiving cardiopulmonary resuscitation who had pulselessness documented by a health care worker, even if the event was brief (e.g., a plugged endotracheal tube in the ICU). One-third of the patients did not require bolus epinephrine for ROSC, and they had twice the survival rates of patients receiving epinephrine. Finally, large reviews of pediatric CA include data from hospitals that do not specialize in pediatric care.
Study Limitations
In this observational study, we were unable to fully adjust for the effects of selection bias or effects of temporal trends. We therefore cannot determine the efficacy of HT in children after CA. The purpose of the study was to describe our experience using HT and help care providers anticipate and prevent adverse events. Data collection was limited by available documentation. Children with congenital heart disease, a group with better outcome after CA, were excluded. GOS was assigned retrospectively in a non-blinded fashion using medical record entries. GOS is a gross measure of function and may not accurately depict outcome in infants. Our study does not include data on long-term outcomes or detailed cognitive function. Testing for infection and electrolyte levels was not standardized. There was no protocol for routine cultures in patients, and many children had cultures taken on the day of presentation with CA, whether signs and symptoms of sepsis were present, potentially biasing our data. Although electroencephalogram pattern has been associated with outcome after pediatric CA, we did not measure it in this study (66) .
Rectal temperature probes are routinely used in our ICU, largely because they are simple to use. However, they may less accurately measure core temperature than other methods (67) (68) (69) (70) (71) (72) .
CONCLUSIONS
Pediatric patients with CA are in urgent need of proven interventions that improve outcome. Details regarding the optimal implementation of therapeutic HT in children after CA are needed. Common complications associated with HT may blunt its effectiveness, but that may be preventable. We believe that the efficacy of mild HT warrants prospective study in pediatric patients after CA. Physiologic variables of the hypothermia therapy (HT) group. A, Temperatures of the HT group (mean ± standard error) during the time before HT, HT, re-warming, and after rewarming phases. Because there was no HT protocol, each data point contains a variable number of patients. B and C, Mean arterial blood pressure and heart rate, normalized for age and gender. The arrow in (C) denotes increased heart rate after re-warming. Mean ± SD 6.0 ± 6.2 6.0 ± 6.2 6.0 ± 6.6
Median (IQR) 2.9 (0.7-11.2) 2.9 (1. Etiology of cardiac arrest a 
